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ABSTRACT

A Hydrologic Model of the Northern Limb of the San Luis
Obispo Valley Aquifer by use of COMSOL Multiphysics®
Simulation Software
Claire J. Momberger

The passage of the Sustainable Groundwater
Management Act in 2014 by the State of California was
the first of its kind in the State’s history to legislate the
management of groundwater resources. This legislation
is state-governed but locally and regionally
implemented. The Sustainable Groundwater
Management Act requires local water management
agencies to create their own sustainable management
plans for groundwater resources that meet state-defined
sustainability goals 20 years after implementation. Such
plans require hydrologic conceptual models that
describe flow within the groundwater basin setting,
predict use, and anticipate demand. The high-level detail
of the hydrologic conceptual models requires the power
of computer-based modeling software, like that of the
integrated simulation software COMSOL
Multiphysics®. In this project a hydrologic model was
created for the northern limb of the San Luis Obispo
Valley Aquifer located in San Luis Obispo, California.
The model is informed by the most current and
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accessible collection of elevation, subsurface, and
production well data as provided by the California
Department of Water Resources and the faculty of
California Polytechnic State University, San Luis
Obispo. The hydrologic model developed during this
project can serve as a tool in the classroom for physicsbased modeling exercises of groundwater flow and
behavior for the San Luis Obispo Valley Aquifer. The
model will also ultimately be shared with the City of
San Luis Obispo and the County of San Luis Obispo to
aid their groundwater monitoring efforts for the purpose
of compliance with the Sustainable Groundwater
Management Act.
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Chapter 1
INTRODUCTION
Natural resource management is a regional effort of global proportions, with groundwater
management being no exception. The principle of sustainability as it applies to natural resource
management has gained traction in the larger environmental community. However, the
implementation of sustainability principles is far more than a trendy initiative. The sustainable
management of society’s most vital resources ensures the longevity and quality of those resources
for future generations. The use of groundwater resources, and therefore, its management, occurs
at the regional or local level. However, the hydrological cycle does not adhere to political or
legislative boundaries therefore making its management globally relevant and its stakeholders
worldwide.

In the State of California (the State) groundwater management has historically been an
afterthought to the regulation of State’s water resources. Until the Sustainable Groundwater
Management Act Groundwater (SGMA) was signed into law in 2014, California’s groundwater
had been unregulated. The year that SGMA was enacted was one of the most intense periods of
drought in California history, where more than 50% of the State’s land was experiencing
“exceptional drought” (NIDIS, 2020). During dry years like 2014, groundwater is the main source
of freshwater and supplies upwards of 60% of water demand for municipal, industrial, and
agricultural sectors alike across the State (CA DWR, 2020). In fact, nearly 85% of Californians
depend on groundwater to meet some proportion of their water needs (Chappelle and Hanak,
2017). Excess groundwater pumping sent many basins into overdraft, leaving wells dry and
falling elevation in areas like the Central Valley of California (Hanak et al., 2015). SGMA is the
first piece of legislation in California to initiate a statewide directive for sustainable groundwater
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management and should make positive contributions to reversing the overdraft conditions of
communities across the State.

The two entities of implementation of SGMA included the formation of Groundwater
Sustainability Agencies (GSAs) in addition to each agency’s subsequent construction of
Groundwater Sustainability Plans (GSPs). The GSAs are locally formed in regions of California
where the State has determined that a high- or medium-priority groundwater basin or subbasin
must be managed. The region-based structure of the GSAs requires local solutions to local
problems. The “local agency” is defined by SGMA to be “a local public agency that has water
supply, water management, or land use responsibilities within a groundwater basin” (CA DWR,
2020). The California Department of Water Resources, the State Water Resources Control Board,
local and county agencies play integral roles in the formation of the GSAs. Upon the initial
guidance of the State, over 260 GSAs in more than 140 groundwater basins were established (CA
DWR, 2020). As groundwater basin boundaries are better realized and modified over the course
of their management SGMA provides that additional GSAs may be created where necessary.

The GSPs must be constructed by each GSA according to a State-ordained timeline and are
intended to be “detailed road maps for how groundwater basins will reach long term
sustainability” (CA DWR, 2020). The goal of SGMA is that within 20 years of implementation of
the plans, each high- and medium-priority basin will be brought into sustainability (CA DWR,
2020). To guide the management strategies of the GSPs, the State has identified six groundwater
conditions, called sustainability indicators, that when “significant and unreasonable” become
undesirable results. The undesirable results include:
1. Chronic lowering of groundwater levels indicating a significant and unreasonable
depletion of supply if continued over the planning and implementation horizon…
2. Significant and unreasonable reduction of groundwater storage
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3. Significant and unreasonable seawater intrusion
4. Significant and unreasonable degraded water quality, including the migration of
contaminant plumes that impair water supplies
5. Significant and unreasonable land subsidence that substantially interferes with surface
land uses
6. Depletions of interconnected surface water that have significant and unreasonable
adverse impacts on beneficial uses of the surface water (CA DWR, 2017).
The occurrence of any of the sustainability indicators above institutes an undesirable result.

Comprehensive GSPs must accurately describe the groundwater basin setting in its current
conditions in order to establish criteria that will bring the basin into sustainability. Additionally,
the GSPs are intended to offer insight into the future requirements and limits of the basin. The
general components of a GSP include a description of the basin setting, sustainable management
criteria, monitoring networks, and project and management actions (23 CCR § 354.14).
Describing the groundwater basin setting requires information on the region’s geology, the
perceived bottom of the basin, aquifer or aquitard boundaries and their according physical
properties, water quality, primary use(s) of the basin water supply, and any data gaps that could
create uncertainty (23 CCR § 354.14). The collection and interpretation of this information
necessitates a sophisticated hydrologic model and such a model is required for SGMA
compliance (23 CCR § 354.14). Utilizing a computer-powered hydrologic modeling tool is a vital
factor in the process of contextualizing a groundwater basin or aquifer and conceptualizing its
potential for sustainability.

SGMA and the Study Area
There are two GSAs that have jurisdiction in this project’s study area—the City of San Luis
Obispo GSA and the County of San Luis Obispo GSA. Under direction of the State, these two
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agencies are constructing a joint GSP. A comprehensive description of the hydrogeologic setting
of the San Luis Obispo Valley Aquifer has been previously conducted by the San Luis Obispo
County Flood Control and Water Conservation District and is contained in the San Luis Obispo
Valley Basin Characterization and Monitoring Well Installation report (GSI Water Solutions,
Inc., 2018). This report was used to inform the hydrologic model developed over the course of
this project.

At the time of this project there was no adequate hydrologic model in place for this specific study
area of the San Luis Obispo Valley Aquifer. The hydrologic model developed by this project will
enhance the general understanding of the northernmost limb of the San Luis Obispo Valley
Aquifer by compiling the presently collected and relevant subsurface data into one dynamic and
robust model.

Project Goal and Objectives
The goal of this project is to build on the knowledge of the hydrologic setting of the northern limb
of the San Luis Obispo Valley Aquifer through the development of a 3-D groundwater model,
using the COMSOL Multiphysics integrated modeling software, for the purpose of sustainable
management of the region’s groundwater.

Specific objectives in place to meet this goal are:
•

Identify relevant data sets for the study area (i.e., well completion reports, geologic logs,
geotechnical reports)

•

Construct a functioning COMSOL Multiphysics finite-element model of the target
groundwater study area

•

Run a transient forward simulation of the groundwater study area flow model

•

Conduct preliminary analysis of model predicted behavior of the aquifer.
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The hydrologic model created over the course of this project will have multiple uses. One
application of this model will be for instructional purposes in hydrology-related courses in the
Natural Resources Department at California Polytechnic State University, San Luis Obispo. The
model will also ultimately be shared with the City of San Luis Obispo and the County of San Luis
Obispo to aid their groundwater monitoring efforts under SGMA that began in January 2018
(Public Works County of San Luis Obispo, 2020).

Groundwater Modeling
A groundwater model is the vessel for informing decision-makers of what is occurring below the
surface so that they may create proper and accurate management strategies (Zhou & Li, 2011).
Groundwater models are powerful tools used to interpret, inform, and predict both the quantity
and quality of groundwater (Singh, 2014). If a prediction of groundwater quality and/or quantity
is desired by decision-makers or water users, the most sophisticated method for prediction is to
apply numerical models (Zhang & Shwartz, 2003). To monitor aquifer response to anthropogenic
activity a model can be used to assess the rate of recharge, storage potential, and sustainable yield
of aquifers (Zhou & Li, 2011). Other benefits of groundwater modeling include enabling the
interpretation of flow patterns in the subsurface, the formation of alternative management
strategies, and visual communication of groundwater conditions to the public and decisionmakers (Zhou & Li, 2011; Li, Ito, Wu, Lowry, & Loheide II, 2009). This is an especially relevant
feature in the wake of SGMA and its requirements for compliance (Kiparsky, Milman, Owen, &
Fisher, 2017). Groundwater modeling has the power to enhance the resolution of a hydrogeologic
study, thereby elevating the effectiveness of management strategies.
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A groundwater model is a simplified demonstration of the actual hydrogeological system present
in a study area. The complex geological structures of the subsurface are reduced to their function
within the aquifer as a component of storage or as a restrictive layer (Zhou & Li, 2011). To do
this, various assumptions are made concerning the types and numerical characteristics of physical
boundaries and only dominant flow processes are typically accounted for in modeling simulations
(Zhou & Li, 2011). Because of the integrated interactions between the various components of a
hydrogeologic unit and the region it resides in, groundwater modeling is most useful at the basin
scale (Zhou & Li, 2011; Zhang & Shwartz, 2003).

Groundwater Modeling Software
The availability of computers and modeling software has made groundwater modeling a standard
tool in the industry of water resource use and management (Zhou & Li, 2011). The various
software utilizes numerical models to estimate and predict groundwater flow in the subsurface
(Zhou & Li, 2011; Zhang & Shwartz, 2003). The first attempt at modeling groundwater flow for a
large-scale aquifer system was the Regional Aquifer System Analysis (RASA) Program of the
United States Geological Survey (USGS) in 1978 (Zhou & Li, 2011). Since then, the USGS
developed the USGS 3D finite difference model and the USGS MODFLOW (Zhou & Li, 2011).
The USGS MODFLOW platform has become the standard tool for groundwater modeling,
offering a 3D environment, a user-friendly system, and free access (Zhou & Li, 2011; Singh,
2014).

Data Required for Groundwater Modeling
Groundwater flow is a product of the interactions between the hydrosphere, lithosphere, and
atmosphere (Tóth, et al., 2016). Therefore, accurately depicting groundwater activity must
include some combination of relevant geologic data, hydrogeologic data, and maps of surface
events (Tóth, et al., 2016; Dogrul, Kadir, Brush, & Chung, 2015). The best groundwater models
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are informed by large and spatially uniform coverage; however, this requirement is not commonly
fulfilled due to the difficulty of collecting such great swaths data (Tóth, et al., 2016; Zhou & Li,
2011).

The information needed to describe groundwater flow in a hydrological model can be divided into
three categories: static data to describe the hydrogeological context, dynamic data to describe
exchange of aquifer resources, and time-series data to reflect groundwater levels (Zhou & Li,
2011; Singh, 2014; Dogrul, Kadir, Brush, & Chung, 2015). Static data is found in lithographic
cross-sections, geologic maps, aquifer test data, or any other source that may communicate the
geologic structure of the subsurface (Zhou & Li, 2011). Hydraulic parameters to describe the
layers of the aquifer plus boundary conditions could also be considered static data (Singh, 2014).
Dynamic data reflects the processes of groundwater recharge and extraction (Zhou & Li, 2011).
Recharge events could be the natural process of the infiltration of precipitation through the
subsurface or the result of recharge projects. Factors contributing to recharge include but are not
limited to vegetation cover, soil characteristics, irrigation practices, and baseflow or inflow (Zhou
& Li, 2011; Dogrul, Kadir, Brush, & Chung, 2015). Time-series data is collected surrounding
events like anthropogenic activity (e.g., groundwater extraction or withdrawal),
evapotranspiration, lateral inflow, or the discharge to springs or surface water bodies (Zhou & Li,
2011).

Governing Equation Commonly Used in Groundwater Modeling
To reflect the complexity of hydrogeologic settings and to account for boundary and initial
conditions a governing groundwater flow equation must be utilized. The most basic of that may
look like Eq. (1) below,
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where 𝐾𝑥𝑥, 𝐾𝑦𝑦 , 𝐾𝑧𝑧 and represent the hydraulic conductivity along the 𝑥-, 𝑦-, and 𝑧-axes, ℎ is
the hydraulic head, 𝑊 accounts for pumping, recharge, or other sources and sinks, 𝑆𝑠 is the
specific storage, 𝑥, 𝑦, and 𝑧 are space coordinates, and 𝑡 represents time (Zhang & Shwartz,
2003).

Finite-difference versus Finite-element Method
The finite-difference and finite-element methods are the numerical approaches utilized to solve
the partial differential equations (PDEs) associated with groundwater flow, like that of Eq. (1)
above (Singh, 2014). Until the 1970s, the finite-difference method was exclusively used to
analyze flow through porous media (France, 1974).

The finite-element method has emerged as an unconventional yet valuable approach to finitedifference modeling (Liu and Liu, 2017; Li et al., 2009). The finite-element method of modeling
allows for a more realistic representation of the irregular domains and boundaries of a
groundwater basin.

COMSOL Multiphysics and Groundwater Modeling
The use of the COMSOL Multiphysics modeling software is widespread in the multiphysical
modeling and research world (Li, Ito, Wu, Lowry, & Loheide II, 2009). Originally called
FEMLAB, the software was developed in Stockholm, Sweden with the intent of developing code
for graduate level modeling projects (Li, Ito, Wu, Lowry, & Loheide II, 2009). COMSOL
Multiphysics operates at a high-level GUI and is versatile in its modeling capabilities (Halloran,
Brunner, & Hunkeler, 2019). The basic steps of the modeling process are all simulated in the
COMSOL Multiphysics modeling environment: building geometry, assigning physics, meshing,
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solving, and postprocessing (Li, Ito, Wu, Lowry, & Loheide II, 2009). To build the geometry for
a groundwater model elevation data stored in text, DEM, or image files can be easily imported
into COMSOL Multiphysics (Li, Ito, Wu, Lowry, & Loheide II, 2009; Gothäll, 2017).

Most notable of the features of COMSOL Multiphysics is that it enables users to solve for
coupled systems of partial differential equations (PDEs). This feature sets it apart from other
software platforms typically utilized for groundwater modeling and offers unmatched versatility
(Li, Ito, Wu, Lowry, & Loheide II, 2009; Chui & Freyberg, 2007; Halloran, Brunner, &
Hunkeler, 2019). The coupling of PDEs in the COMSOL Multiphysics simulation environment
translates to integrated hydrologic modeling for groundwater modeling purposes (Chui &
Freyberg, 2007; Halloran, Brunner, & Hunkeler, 2019). COMSOL Multiphysics is useful in
investigating groundwater levels, identifying points of groundwater-surface water exchange,
dating of groundwater samples, groundwater contaminant and plume transport, and even the
interaction between groundwater and vegetation (Halloran, Brunner, & Hunkeler, 2019; Lowry,
Loheide II, Moore, & Lundquist, 2011).
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Chapter 2
METHODS
Study Area
This study area surrounds the northern limb of the San Luis Obispo Valley Groundwater Basin
and covers a surface area of approximately 6,116 acres (Figure 1). The study area encompasses
the campus of California Polytechnic State University, San Luis Obispo (Cal Poly), the
downtown San Luis Obispo area, and the residential and commercial areas surrounding Foothill
Blvd and Santa Rosa/CA-1 (Figure 1). The study area slightly extends beyond the boundary of
the San Luis Obispo Valley Aquifer as delineated by the San Luis Obispo County Flood Control
and Water Conservation District’s aquifer characterization report (GSI Water Solutions, Inc.,
2018). The purpose of this extension was to refine the study area according to USGS elevation
information for this portion of the San Luis Valley (USGS, 2020).
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Figure 1. The shaded area representing the refined project study area within the context of the larger San Luis
Obispo Valley Aquifer.
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To delineate the study area a USGS DEM file relevant to the study area was obtained by Dr.
Bwalya Malama of the Cal Poly Natural Resources Department (Malama, 2020). The entire San
Luis Obispo Valley Groundwater Basin will be the subject of future modeling efforts; however,
this study only provides a hydrologic model for the delineated study area (Figure 1). In effort to
implement the most accurate boundary of the study area into the COMSOL Multiphysics
geometry environment, Esri’s ArcMap was used.

The elevation within the study area ranges from 250 feet to 400 feet (San Luis Obispo Valley
Basin Characterization, 2018; USGS, 2020). The study area contains unconsolidated or semiconsolidated sedimentary deposits and the bedrock represents Miocene-aged formations and
Franciscan Assemblage (GSI Water Solutions, Inc., 2018). The average annual precipitation in
the study area is 23.45 inches (WRCC, 2020). The average maximum and minimum temperatures
are 71.4- and 47.4-degrees Fahrenheit respectively (WRCC, 2020).

The study area falls within the watershed of San Luis Obispo Creek; the tributaries Stenner Creek
and Brizzolara Creek both lie within the boundary of the study area (Figure 1; see Appendix A).
The geologic setting of the study area is most notably characterized by the Santa Lucia Range to
the east and three of the nine local Morros to the west-Cerro San Luis, Bishop Peak, and
Chumash Peak. The northern boundary is partially framed by the extent of the Santa Lucia Range
and cuts across Santa Rosa/CA-1 to reflect the watershed of the San Luis Obispo Creek. The
southern boundary of the study area is enclosed by smaller Morros and crosses Santa Rosa/CA-1,
U.S. Route 101, and Broad Street.
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Materials

The research components for this project consisted of reviewing the existent relevant
datasets to the study area. The primary resources for well information were the California
Statewide Groundwater Elevation Monitoring Program (CASGEM) data and
Groundwater Ambient Monitoring and Assessment (GAMA) data, both of which operate
under guidance of the State of California (CA DWR, 2020; California Water Boards,
2020). The well completion report of one production well was found within the vicinity
of the project area in the publicly available records of the California Department of Water
Resources (Figure 2). The various groundwater monitoring programs that are overseen by
the California DWR collect well completion reports that provide information about well
status and contextualize the wells in terms of geologic location and matrix properties of
the subsurface.
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Production Well Within the Project Study Area

Figure 2. The production well that falls within the study area and that was implemented into the model (CA
DWR, 2019).
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The following applications were utilized to complete the modeling process for this study:
GoogleEarth, Esri’s ArcMap, and COMSOL Multiphysics. Licensure for the used applications
was provided by Cal Poly. Images containing elevation data were extracted from GoogleEarth.
Esri’s ArcMap was integral in collecting x-y coordinates that reflect the spatial boundary of the
study area.

Model Construction
As earlier stated, the goal of this project is to expand upon the knowledge of the hydrologic
behavior of the northern limb of the San Luis Obispo Valley Aquifer through the development of
a 3-D confined hydrologic model, using the COMSOL Multiphysics integrated modeling
software. To complete this, the following objectives were established:
Identify relevant data sets for the study area (i.e., subsurface surveys and well completion
reports).
•

Construct a functioning COMSOL Multiphysics finite element model of the target
groundwater study area.

•

Run a transient forward simulation of the groundwater study area flow model.

•

Conduct preliminary analysis of model predicted behavior of the aquifer.

The second objective could be further detailed by including the following intermediate actions
that were taken in the modeling process:
•

Refine irregular boundary of study area in COMSOL Multiphysics and implement initial
conditions and boundary conditions

•

Define aquifer flow and storage parameters for use in COMSOL Multiphysics

•

Add existing production well data.
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Defining the Modeling Environment
The preliminary step to modeling in the COMSOL Multiphysics platform is defining the
environment (Li et al., 2009) (Chui & Freyberg, 2009). This requires a selection of the dimension
of the model, the physics that will be applied, and a study method based on the physics that were
chosen for the model (COMSOL, 2015). This project worked with a three-dimensional model
based on Darcy’s Law and mass conservation which lead to the following equation

𝜕
𝜕𝑡

(𝜖𝜌𝜌) + ∇ ∙ (𝜌𝒖) = 𝑄𝑚

𝜅
𝒖 = − ∇p
𝜇

(1)

(2a)

where 𝑄𝑚 [𝑘𝑔⁄𝑚3 ∙ 𝑠] represents a mass source, 𝜌 [𝑘𝑔⁄𝑚3] is density of the fluid , 𝜖𝑝

[unitless] is the porosity of the matrix material, 𝜅 [𝑚2] is the permeability of the matrix
material, 𝜇 [Pa∙ 𝑠] is dynamic viscosity of the fluid, and p [Pa] is the pressure on the fluid by the
matrix (COMSOL User’s Guide, 2018). The model’s study type was defined as Time-Dependent.

Parameters
The default boundary condition in a model framed by the physics of Darcy’s Law is “no flow”.
This inhibiting default condition required that hydraulic head values be established at each
boundary where no flow is an inaccurate assignment (Zhang & Schwartz, p.115). The Dirichlet
initial condition most accurately describes the setting of the project model and is as follows:
ℎ (𝑥, 𝑦, 𝑧)|Γ = ℎ1(𝑥, 𝑦, 𝑧, 𝑡),

(𝑥, 𝑦, 𝑧) ∈ Γ

(2)

where ℎ1(𝑥, 𝑦, 𝑧) is the particular hydraulic head at the boundary Γ (Zhang & Schwartz, p.115).
In COMSOL Multiphysics, the Dirichlet condition for hydraulic head H=H 0 where H0 is known
and implemented as a distribution, a fixed value, or an expression that depends on time (t)
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(COMSOL User’s Guide, 2018). This study area required that four of the six boundaries within
the domain needed to be prescribed a time-dependent hydraulic head. The remaining two
boundaries are the top and bottom boundaries of the model and were characterized as “no flow”.
The hydraulic head, 𝐻0, is generally defined by the following equation:

(3)
𝑝 = 𝜌𝑔(𝐻0)
where 𝑝 represents pressure, 𝜌 is the fluid density, 𝑔 is the acceleration of gravity. The four
hydraulic head boundaries included in this model were defined using the following expression:

𝐻0 = 𝑧 ∗ exp[−𝑡/(τ)]

(4)

where 𝑧 is informed by the elevation at that location in the domain, 𝑡 pertains to the time, and τ
represents the response to a step input. The expression (0.085 ∗ 365 ∗ 24 ∗ 3600) was used to
define τ in the model construction and represents the time in seconds of a month-long observation
of hydraulic head.

The initial values node within the Darcy’s Law physics framework was specified to have a
hydraulic head (H) equal to the elevation of 𝑧 [m]. Hydraulic head can be attributed to elevation,
as elevation contributes to the energy available for groundwater flow (Zhang & Schwartz, p.347).

A storage model node was added to further restrict the domain of the study area within the
modeling environment. This action required that the fluid and porous media properties be
defined, i.e., porosity (𝜖𝑝), hydraulic conductivity (Κ), and the storage properties. Water was the
fluid material input for this project. The hydraulic conductivity was assumed to be isotropic for
simplicity. Hydraulic conductivity was made equivalent to 5.292 ∗ 10−5 [m/s] (or 15 ft/day)
representing an average value of hydraulic conductivity for the San Luis Obispo Valley Aquifer
(GSI Water Solutions Inc., 2018).
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The storage component of the storage model is defined by the equation for linearized storage
(COMSOL User’s Guide, 2018):
𝑆 = 𝜖𝑝𝜒𝑓 + (1 − 𝜖𝑝)𝜒𝑝

(5)

where 𝑆 represents the storage potential of the domain, 𝜖𝑝 is the porosity of the matrix material,
𝜒𝑓 is the compressibility of the fluid, 𝜒𝑝 and is the effective compressibility of the matrix
(COMSOL User’s Guide, 2018). Table 1 shows the values defined for these parameters.

Table 1. Parameter values for storage model.
Parameter Porosity (𝜖𝑝)
[unit]

Hydraulic
conductivity
(Κ) [m/s]

Compressibility
of fluid (𝜒𝑓)
[1/Pa]

Value

5.292 ∗ 10−5 ,
Isotropic

1 ∗ 10−10

0.4

Effective
compressibility
of the matrix
(𝜒𝑝) [1/Pa]
1 ∗ 10−8

Density of fluid
material (𝜌)
[kg/m3]
998

Geometry
The COMSOL Multiphysics software allows for a surface with irregular boundaries to be created
based on elevation data that is stored in an image, text file, or a DEM file (COMSOL, 2017;
Singh, 2014; Bakker et al., 2014; Li et al., 2009; Chui & Freyberg, 2009). The irregular boundary
of the study area for this project was ultimately created using an image containing elevation
information extracted from GoogleEarth that was uploaded to the geometry-building space in
COMSOL Multiphysics (Figure 3) (GoogleEarth, 2020). The original image of the study area’s
elevation was sourced from the United States Geological Survey web-based national map tool
(USGS, 2020).
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Figure 3. Grayscale image depicting the elevation data of the study area and the greater SLOEdna Valley Aquifer (USGS, 2020).

The DEM image was uploaded into COMSOL Multiphysics where the elevation data underwent
interpolation. The interpolated image was then overlaid on a basemap layer in Esri’s ArcMap
application, georeferenced, and the study area boundary was sketched. The blue line in Figure 4
represents the study area boundary line. This boundary line follows the 400-foot contour line,
which defines the top of the valley floor, before the elevation peaks up into the surrounding
mountains, and serves as a natural boundary for the study area (see Appendix A). The file
containing the x- and y- coordinates of the delineated boundary for the study area was exported
from Esri’s ArcMap and implemented in the COMSOL Multiphysics environment (Figure 2).
The following dimensions were added into the COMSOL Multiphysics image upload node to
begin defining the geometry by utilizing the dimensions of Figure 3: x: 0 to 30 km and y: 0 to
20 km.
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Figure 4. COMSOL interpolated elevation map overlain on SLO image using Esri’s ArcMap
application. The study area boundary is shown in blue.

A parametric surface was then imposed to transform the x-y plane of the elevation image to an xy-z plane to represent the elevation of the SLO Topo image in 3-D. The expressions utilized to
impose the first parametric surface were according to known elevation information can be seen in
Table 2 (Malama, 2020; USGS, 2020).

Table 2. Expressions used for the first constructed parametric surface.
x
s1*30000 [m]

x
s2*20000 [m]
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z
(1000-40)*im1(s1*30000
[m], s2*20000) [m]

The parameters “s1” and “s2” utilized in these expressions stand to represent the edges or
surfaces of the parametric surface. The advanced settings were defined as follows: Relative
tolerance: 2.5E-3 and Maximum number of knots: 1500. These were adjusted as necessary to
reduce relative error in creating the parametric surface.

A second parametric surface was imposed on the model to represent the bedrock surface (Figure
5). This action assumed that the surface elevation of the image in Figure 3 mirrors the elevation
of the bedrock. The x and y expressions for this second parametric surface were identical to the
first parametric surface. The z expression was made smaller in effort to reflect the elevation of the
bedrock (as opposed to the ground surface) and can be seen in Table 3 (Malama, 2020; USGS,
2020). The advanced settings for the second parametric surface were identical to those of the first
parametric surface. In addition, the position of the bedrock was set to be constructed at -500 m.
This had to be accomplished in order for the space between the land surface and the bedrock (i.e.,
the subsurface) to be represented and eventually extruded.

Table 3. Expressions used for second constructed parametric surface.

x
s1*30000 [m]

x
s2*20000 [m]

21

z
z: (500-40)*im1(s1*30000
[m], s2*20000) [m]

Figure 5. Display of the parametric surface geometry of the San Luis Obispo Valley.

The following steps in the modeling process were taken to further restrict the domain so that the
larger 3-D geometry of the San Luis Obispo Valley Aquifer was clipped to only represent the
study area of this project (Figure 1).

1. Import DEM image from GoogleEarth of study area.
2. Use image to define the geometry of the study area/model.
a. Create parametric surface of surface elevation
b. Create second parametric surface of bedrock (mirrors that of surface elevation)
3. Define study area with work plane
a. Use sketch tool within work plane nodule to precisely define the study area boundary
b. Confirm that the polygon drawn is solid
4. Extrude newly sketched study area through bedrock surface
a. Confirm that the extruded surface extends to the bottom of the bedrock surface
5. Convert to solid nodule
a. Both parametric surfaces and the extruded surface
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6. Delete entities
7. Line Segment
a. To represent Well (see Figure 2 and Table 4)
8. Extrude the line segment
9. Form Union

Mesh
The mesh generated for the purposes of this project was defined to have an element size of
“Extremely Fine” (COMSOL User’s Guide, 2018). This is the most refined mesh setting available
in the COMSOL Multiphysics modeling environment and solves the partial differential equations
associated with the physics prescribed to the domain numerically (Singha & Loheide, 2010). The
finer the mesh setting the larger the elapsed time for COMSOL Multiphysics to build the mesh
within the domain. Because COMSOL Multiphysics is designed to utilize the finite-elements
method, the domain is discretized into a tetrahedral mesh (Thangarajan, p. 211; Tóth et al., 2016).

Well Inputs
As was priorly mentioned, there is only one supply well in the CA DWR network that lies within
the boundary of the study area. This well is located on the Cal Poly campus. There was potential
for another feature of this project to include additional well installments using direct- push
equipment to enhance the collection of lithographic information for the study area. This action
was inhibited by COVID-19 shelter-in-place restrictions and could not take place over the course
of this study. The drilling of soil core samples at select locations would have been utilized to
confirm and expand aquifer soil layer data.

23

The well feature in COMSOL Multiphysics allows the user to model injection and production
or supply wells and requires information such as the well diameter [m], the well type, the
depth of the well, and the mass production or pumping rate in [kg/s] (COMSOL User’s Guide,
2018). To add this well to the geometry of the domain a line segment was added to the model
at the location of the well within the domain. The extrusion tool was used to extrude the well
through the subsurface according to the well depth described in the CASGEM well
completion report. The well is located at 631 N. Santa Rosa St., Field 25 in San Luis Obispo,
California on the Cal Poly campus (Figure 2; see Appendix B). The data applied in the well
feature for the project model is in Table 4 (CA DWR, 2019; see Appendix B). The planned
use for the well is an irrigation supply well. The mass flow rate was converted from gallons
per minute (GPM) as provided by the well completion report (see Appendix B) to
kilograms/second (kg/s) with the basic conversion rate of 0.06308, accounting for the density
of water (USGS, 2016). The casing information from the well completion report was used to
determine the depth of the well within the domain of the study area (see Appendix B). The
total depth of the completed well is 80 feet (24.384 meters) (CA DWR, 2019).

Table 4.. Supply well data (CA DWR, 2019).
Location

Well
Well type
Diameter
[m]

Mass Flow
Rate [kg/s]

35°18’159” N,
120° 40’ 312” W

0.3048

18.93

Irrigation

Casing
Depth from
SurfaceBlank [m]
0 to 12.192

Casing
Depth from
SurfaceScreen [m]
12.192 to
24.384

Simulation
The well permit plot plan reveals that there is a corn field next to the pump house that we
assumed was 1 acre in area (See Appendix B). If a typical corn field needs to receive up to 6
inches of irrigated water (Frank & Schwankl, 2020) and the flow rate of the well is at 300 gpm
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(CA DWR, 2019), by way of the following equation (Irrigation Training & Research Center,
2020):

𝑎𝑝𝑝𝑙𝑖𝑐𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 (

𝑖𝑛
96
(𝑠𝑞 − 𝑓𝑡)
) = 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 (𝑔𝑝𝑚) ∗
ℎ𝑟
𝑎𝑟𝑒𝑎

(6)

then over 9 hours of pumping would be required. To enhance the resolution of the model, this
application time was met and elevated to 12 hours. Therefore, the model simulation was run over
the course of 12 hours with 15-minute time steps. The elapsed time of the simulation was 1801
seconds (30 minutes, 1 second).
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Chapter 3
RESULTS
The result of this project is a 3-D hydrologic model that reflects the spatial setting and physics of
the northern limb of the San Luis Obispo Valley Aquifer. The inclusion of known boundary and
initial conditions as well as topographic data, relevant information from a well completion report,
and the San Luis Obispo Valley characterization report (GSI Water Solutions Inc., 2018)
informed the development of an adequate numerical model that can be utilized in future regional
modeling efforts. Additional boundary conditions present within the study area could also be
added to the modeling domain established with this project (e.g., Stenner Creek, Brizzolara
Creek, San Luis Obispo Creek, and the Madonna fault line). The model created over the course of
this project serves as a foundational component for further refinement and expansion to include
the entirety of the San Luis Obispo Valley Aquifer.

The hydraulic head gradient in the study area, represented by the pressure [Pa], initially decreases at the
production well (Figure 6). This decrease in pressure would result in a cone of depression at the
site of the well. Over time, the hydraulic head as modeled in this domain increases. It would be
expected that hydraulic head would decrease over time as the elevation of water within the well
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decreases with pumping (Haitjema, 1995).

Figure 6. Pressure (Pa) over 12-hour pumping period at Well head.

The velocity field [m/s], as depicted by the blue arrows, show an increase in flow over time
throughout the San Luis Obispo Valley Aquifer (Figure 7). Over the simulated 12-hour period, it
is evident by the increasing size of the arrows that groundwater flow occurs continuously
throughout the domain of the study area (Figure 7).
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Figure 7. Groundwater flow as depicted by Darcy's velocity field and pressure
(Pa) in study area domain. Top to bottom: time=0 hours, 6 hours, and 12 hours.

28

Due to time constraints, a calibrated version of this model has not yet been developed. Calibrating
the model would assure that the predictions made by simulations are accurate and realistic, as
measured up against known target pressures or water levels at chosen locations in the study area
(Zhang & Schwartz, p.355). The inclusion of any additional boundary conditions or initial
conditions unique to the study area would also enhance calibration (e.g., production or monitoring
wells, known hydraulic heads, any flow boundaries) (Kumar, Barma, & Amai, 2019; Zhou & Li,
2011). Statistical analysis comparing the results between the simulation results and the observed
conditions would determine the validity and reliability of the model (Kumar, Barma, & Amai,
2019; Zhou & Li, 2011). This process of calibrating the model could be limited by gaps in the
well completion report data and a lack of subsurface surveys for the larger San Luis Obispo
Valley Aquifer. A calibrated model would facilitate an enhanced understanding of the
groundwater resources available to the San Luis Obispo Valley and, therefore, improved
management strategies.
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Chapter 4
DISCUSSION
Results and Project Objectives
Groundwater modeling is commonly performed in modeling software that implements the finitedifferences method. COMSOL Multiphysics utilizes the finite-element method which allows for a
very fine domain to be built and enhances the modeling potential of irregular boundaries. This
was beneficial as the study area of this project was an arbitrary boundary. The main goal of this
project was to create a robust, mathematical model that simulates the physics present in the
subsurface of the study area as it relates to groundwater supply and management.

A collection of hydrogeology, topography, and other physical data of the existent supply wells is
accessible; however, these elements of the study area have not yet been pieced together to form
one robust, detailed, three-dimensional mode capable of informing decision-makers. The data
utilized to inform this model represents the most current collection of accessible elevation,
subsurface, and production well information. This project combined the information for the study
area as supplied by the well completion report and the hydrogeologic data supplied by the
characterization study into one model housed in the COMSOL Multiphysics simulation platform.
The 3-D model put forth by this project enables users to conduct simulations based on relevant
physics that represent actual subsurface flow and the interaction of existent and future well
systems within the study area.

Regional Context of the Project
As previously stated, the production well included in the model created for this project is located
near the Cal Poly campus (Figure 2). The well is located adjacent to an agricultural field. The
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study area contains Stenner Creek, Brizzolara Creek, and San Luis Obispo Creek. Incorporating
these surface water entities in the domain as boundary conditions would enhance the ability of the
model to reflect the interactions of surface water and groundwater in the study area (Zhou & Li,
2011; Kumar, Barma, & Amai, 2019; Tóth et al, 2016).

As previously stated, the two regional groundwater sustainability agencies, the City of San Luis
Obispo GSA and the County of San Luis Obispo GSA, are required to submit the joint GSP
submitted to the State by the year 2022 (CA DWR, 2020). This document requires extensive
knowledge of the groundwater basin setting and an ability to simulate and predict future
groundwater conditions. The content of the GSP must contain the most relevant and accurate
information in order to attain the sustainable management of the region’s groundwater resources.
Utilizing a computer-based modeling software such as COMSOL Multiphysics would enable
local decision-makers and water monitoring agencies to manage holistically and more accurately
(Dogrul et al., 2015; Kiparsky et al., 2017; Mozafari et al., 2018).

Limitations to the Project
The spatial and geophysical characteristics of the study area were solely informed by the aquifer
characterization report provided by the San Luis Obispo County Flood Control and Water
Conservation District because this offered the most relevant and reliable hydrogeological data for
the San Luis Obispo Valley. Additionally, this document is most likely to be relied upon for the
future construction of a hydrological model by the City and County GSAs. Modeling the existent
groundwater production well within this study area of the aquifer was limited to the archive of
well completion reports as provided by the DWR and CASGEM. The limited information on well
completion for this area resulted in the modeling of a single production well for this project.
Additional well completion reports for production wells in the study area would substantiate the
interpretive and predictive power of this hydrological model for management purposes.
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The occurrence of the COVID-19 pandemic prevented the collection of any additional subsurface
surveys in the study area. Additional surveys would have expanded the ability of the model to
reflect the structure of the subsurface in totality and accuracy.

Future Research
The hydrologic model created over the course of this project serves as a foundation to build out a
model extending beyond the study area to include the entire San Luis Obispo Valley Aquifer
(Figure 1). Additional production wells that exist throughout the San Luis Obispo Valley Aquifer
would be instrumental in sufficiently describing the basin setting and creating sustainable
management criteria, as the GSP criteria of the California Code of Regulations outlines (23 CCR
§ 354.14). The hydrologic model created by this project could be further enhanced by a study of
the groundwater-surface water interactions that occur between the larger San Luis Obispo Valley
Aquifer and the surface waters.

Sustainable management strategies could further be informed by this hydrological model if a
survey on the groundwater recharge that occurs within the San Luis Obispo Valley Aquifer was
implemented. Groundwater recharge, naturally occurring and artificial injection alike, is a vital
component of water budgeting and evaluating the setting of a groundwater basin (CA DWR,
2017). Groundwater recharge—by way of injection wells or utilization of natural depressions in
the surface—has become a popular tool in bringing groundwater basins to a sustainable status in
California (CA DWR, 2017).

The expansion of this model would not only allow for groundwater quantity analysis to be
enhanced but further study could include analysis and predictions of groundwater quality (Dogrul
et al., 2015; Kiparsky et al., 2017; Mozafari et al., 2018). For example, computer-based modeling
can predict the occurrence of saltwater intrusion, the storage and travel of oil or gas products in
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the subsurface, or the transport of any kind of environmental contaminant that may enter the
subsurface and threaten groundwater quality (Li et al., 2009). Additionally, further study with a
computer-based hydrogeological model could enlighten understanding and prediction of the
complex interactions between groundwater and surface water, as well as other steps in the
hydrological cycle like evaporation, transpiration, and surface runoff (Shao, Bogaard, & Bakker,
2014).
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Chapter 5
CONCLUSION
In this study a 3-D hydrologic model was created using the COMSOL Multiphysics integrated
modeling software to build on the knowledge of the hydrogeologic setting of the northern limb of
the San Luis Obispo Valley Aquifer. This hydrologic model will have multiple uses. One is its
intention for classroom use at California Polytechnic State University, San Luis Obispo. The
model will also ultimately be shared with the City of San Luis Obispo and the County of San Luis
Obispo to aid their groundwater monitoring efforts under the guidance of the Sustainable
Groundwater Management Act. The detail of this model was limited to the data accessible
through the California Statewide Groundwater Elevation Monitoring Program, the Groundwater
Ambient Monitoring and Assessment program, and local subsurface surveys.

Hydrologic or groundwater modeling is crucial to the sustainable management efforts made by
local and state water monitoring agencies. Computer-based modeling software is an efficient and
powerful tool for modeling subsurface flow. COMSOL Multiphysics is an integrated simulation
software that allows for multiple partial differentiation equations to be solved numerically,
resulting in a robust, mathematical model of the subsurface. Utilizing these powerful tools will
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aid water monitoring agencies in the implementation of their groundwater sustainability plans
over the next 20 years and hopefully aid communities in achieving sustainability for their
groundwater basins.
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